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Abstract 
 Aquatic invasive species pose a threat to the stability of food webs.  The Great Lakes 
invasion of the spiny water flea Bythotrephes longimanus has reduced densities of more easily 
captured zooplankton (cyclopoid copepods and cladoceran species) for prey fishes.  As a readily 
available prey item, Bythotrephes has been incorporated into fish diets.  Therefore the ability of 
fish to effectively control Bythotrephes biomass by high consumption rates could potentially 
impact fish and zooplankton communities.  I compared estimates of Bythotrephes production to 
consumption by fish in lakes Michigan and Superior.  Comparisons were made in one day in 
April, July and September in the northern basin of Lake Michigan at near (18-m), intermediate 
(46-m), and offshore depths (110-m).  Similar comparisons were made between September and 
November at similar depths in the Apostle Islands area of Lake Superior.  Alewife and cisco 
were the dominant consumers respectively in Lake Michigan and Superior.  In September, 
consumption by fishes in Lake Michigan exceeded production (up to 178 %) at nearshore and 
intermediate sites, while at offshore sites, consumption was less than 15 % of Bythotrephes 
production.  In Lake Superior, consumption exceeded production (up to 842%) at all offshore 
sites each month but only in November at the intermediate site.  Contrasting Lake Michigan, 
nearshore consumption of Bythotrephes by fishes was nonexistent in Lake Superior.  Although 
consumption exceeded production on multiple occasions in Lake Michigan, Bythotrephes never 
declined following excessive consumption indicating a lack of control.  However, control 
occurred twice at the offshore Lake Superior site in September and October.  To explore factors 
other than fish consumption, a generalized additive model was employed for data from both 
lakes.  Only epilimnetic temperature was included in the most parsimonious model explaining 
biomass changes of Bythotrephes.  Overall, control by biotic (fish consumption) processes was 
limited, and abiotic (temperature) processes appeared to have a stronger influence on invasive 
 
 
 iii  
Bythotrephes dynamics.  These analyses demonstrate the need to identify not only the 
interactions between invasive species and other biota, but also the physical parameters of lakes 
that could regulate their populations. 
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Aquatic invasive species have dramatically altered the dynamics of many food webs 
throughout the world (Lodge 2001, Strayer 2010).  Yet understanding how they influence 
interactions between trophic levels can be especially difficult given the complexity within 
systems (Vitousek et al. 1997).  The Laurentian Great Lakes underwent a number of biological 
invasions that systematically restructured their food-webs (Christie 1974, Mills et al. 1993, 
Ricciardi & MacIsaac 2000).  Ultimately several invasive taxa such as alewife Alosa 
pseudoharengus (Wells 1970, Madenjian et al. 2002), sea lamprey Petromyzon marinus (Smith 
& Tibbles 1980), and zebra Dreissena polymorpha and quagga mussels Dreissena rostriformis 
bugensi (Schloesser & Nalepa 1994, Nalepa et al. 2009) became dominant and altered the flow 
of energy.  Due to these potentially negative impacts, both scientists and managers require an 
understanding of the trophic interactions of invasive species, including its primary predators, as 
well as the direct and indirect effects they have on prey (Yan et al. 2011).  
The spiny water flea Bythotrephes longimanus (previously Bythotrephes cederstroemi-
hereafter Bythotrephes) is a predatory cladoceran that arrived in the Great Lakes via ballast water 
from trans-Atlantic shipping (Sprules et al. 1990).  Since the first documented occurrence in 
Lake Huron in 1984 (Bur et al. 1986, Makarewicz 1988), its spread to each Great Lake was 
uninhibited, reaching Lake Superior in 1987 (Cullis & Johnson 1988), as well as numerous 
inland lakes (Yan et al. 1992, Yan & Pawson 1997) via anthropogenic and biotic routes.  As a 
primarily epilimnetic predator, the Great Lakes zooplankton community experienced direct and 
indirect effects from the Bythotrephes invasion.  First, numerous easily captured cladoceran and 
cyclopoid species markedly declined in abundance, became extremely rare, or were extirpated 




2001, Yan et al. 2002, Barbiero & Tuchman 2004).  Interestingly, Bythotrephes in Europe 
exerted the same top-down effect on Daphnia species, demonstrating the widespread impacts 
that can occur (Manca et al. 2000).  More recent research revealed that Bythotrephes also 
influenced zooplankton communities from multiple lakes indirectly in several ways (non-
consumptive effects).  Experimentally, karimones released by Bythotrephes in the epilimnion 
altered the daily vertical migration (DVM) of native zooplankton (Pangle & Peacor 2006).  Lake 
Michigan, Lake Erie, and Lake Huron zooplankton exhibited declines (Barbiero & Tuchman 
2004) and possibly avoided predation from Bythotrephes by moving deeper into the water 
column (Bunnell et al. 2012), but experienced colder temperatures, and models predict lowered 
production and abundance (Pangle et al. 2007).   
In addition to its effects on zooplankton, Bythotrephes also influences the planktivorous 
fish community as a competitor for herbivorous zooplankton and as a prey item itself.  Models 
predicting their consumption have revealed that Bythotrephes can at times consume more 
zooplankton than the entire prey fish community (Hoffman et al. 2001, Bunnell et al. 2011).  
Furthermore, Bythotrephes consumption can limit prey availability to young-of-the-year fish, 
preferential to easily captured prey items (Link 1996, Hoffman et al. 2001).  Bythotrephes also 
tend to prefer large Daphnia species, thus reduced abundances have a negative energetic impact 
on prey fish that must consume smaller sized prey (Schulz & Yurista 1999).  One less-studied 
and potentially positive impact on prey fish is that as zooplankton move deeper to avoid 
Bythotrephes predation during the day, increasing prey densities are available for planktivorous 
fish in the meta- and hypolimnion (sensu Pothoven & Vanderploeg 2004, Vanderploeg et al. 
2012).  Its long spine and large compound eye make Bythotrephes a conspicuous zooplankter 




Lakes consumers include non-native planktivores such as juvenile (Branstrator & Lehman 1996) 
and adult (Keilty 1990) alewife Alosa pseudoharengus and  rainbow smelt Osmerus mordax 
(Barnhisel & Harvey 1995), as well as native planktivores species such as bloater Coregonus 
hoyi (Branstrator & Lehman 1996), lake whitefish Coregonus clupeaformis (Barnhisel & Harvey 
1995), and cisco Coregonus artedi  (Barnhisel & Harvey 1995), and native benthivores such as 
deepwater sculpin Myoxocephalus thompsonii (Evans 1988) and slimy sculpin Cottus cognatus 
(Mychek-Londer unpublished data and this study), and invasive round goby Neogobius 
melanostomus (Barton et al. 2005). 
Given the multiple and likely overall negative impacts of Bythotrephes on zooplankton 
and prey fishes, a pivotal research goal should be to determine whether fish predation can control 
or limit its production.  Control is a commonly used word in the ecological literature, and its 
definition can widely vary.  Carpenter et al. (1985) suggested that consumers control prey when 
changing their species composition, biomass, or productivity.  Other research focused on more 
strict definitions using either declines in the entire zooplankton community by mass balance 
(Dettmers & Stein 1992), or consumption of some percentage of production (Rudstam et al. 
1994a) as appropriate control.  I defined control by 1) more consumption than production of a 
species and subsequently 2) decline of that species following excessive consumption.  Evidence 
for the first criterion of my definition was provided by Pothoven et al. (2007) in the nearshore 
environment (10-m depth) of Lake Michigan where Bythotrephes lacked deepwater refuges from 
fish (Pothoven et al. 2001, 2003).  Therefore, nearshore planktivorous fish communities, 
particularly those dominated by alewife (Pothoven et al. 2013), might promote heavy predation 




that Bythotrephes is less controlled in deepwater habitats because Bythotrephes can migrate into 
refuges in the metalimnion or deeper waters (Lehman & Cáceres 1993).  
Aside from top-down consumptive effects of fish, other factors are also likely to 
influence distribution and abundance of Bythotrephes.  For example, one biotic factor is the 
availability of its preferred prey items (herbivorous cladocerans, cyclopoid adults, and calanoid 
and cyclopoid copepodites) because they should increase Bythotrephes production, and 
ultimately its density.  Abiotic drivers such as epilimnetic water temperature should also affect 
production because Bythotrephes can consume more prey and grow faster at higher temperatures 
(Yurista & Schulz 1995, Yurista et al. 2010).  When temperatures exceed 23 °C, however, 
production should decrease because respiratory enzymes become inactive preventing oxygen 
consumption (Yurista 1999) suggesting a lethal mechanism for this species in natural systems.  
Therefore temperatures provide abiotic environmental maximum and minimum constraints 
limiting Bythotrephes populations.  It is possible that a multitude of factors contribute to 
Bythotrephes dynamics, neither consumption nor temperature alone, and that a combination of 
abiotic and biotic variables can better explain changing food webs in invaded lakes.  Taking 
variables such as temperature regimes and planktivore composition into account can aid in 
determining which lakes will continue to be inundated with this invasive species as well as 
which lakes are candidates for future colonization. 
The overall goal of this work was to determine if fish can affect Bythotrephes production 
via planktivory.  Specifically, I evaluated which species consumed more Bythotrephes than were 
produced, whether control of Bythotrephes existed, and if other biotic and abiotic processes have 
greater explanatory power than planktivory for Bythotrephes population dynamics.  In answering 




Bythotrephes.  Next, I used models of fish consumption to determine whether planktivorous and 
benthivorous fishes consumed more Bythotrephes compared to their production across three near 
to offshore transects, including two in Lake Michigan and one in Lake Superior.  Control of 
Bythotrephes by fish consumption was determined to exist when 1) more Bythotrephes were 
consumed in a location than were produced, and 2) declines of Bythotrephes occurred in 
subsequent months after excessive consumption by prey fish.  Lastly, I attempted to determine if 
fish consumption or any other biotic (prey items) and abiotic (temperature) variables influenced 
Bythotrephes biomass across lakes.   
Previous examples of excessive Bythotrephes consumption suggested where control via 
planktivory could occur.  I hypothesized that 1) predation by alewife would have the largest 
impact on Bythotrephes in the Lake Michigan nearshore, consistent with previous work 
(Pothoven et al. 2007, Pothoven et al. 2013).  2) Lake Superior consumption would be highest in 
deeper waters offshore because diets of offshore populations of cisco are comprised of up to 63% 
Bythotrephes (Gamble et al. 2011a).  3) Consumption in both lakes would exceed production of 
Bythotrephes prior to fall increases in Bythotrephes densities typically seen with this species and 
similar taxa.  4) Among the abiotic and biotic variables in the statistical models, I hypothesized 
that a combination of planktivory and available prey biomass would best explain Bythotrephes 
biomass changes given the ability for fish to exert top-down control and the positive relationship 







Materials and Methods 
Sampling Design 
 To explore factors influencing Bythotrephes, I combined field sampling, laboratory 
enumeration of zooplankton and fish diet analysis, and bioenergetics and statistical modeling.  
Three sites were sampled along transects at nearshore (18m), intermediate (46m), and offshore 
(110m) depths.  Lake Michigan samples were taken in the northern basin offshore of Frankfort, 
MI (44.52°, -86.26°) and Sturgeon Bay, WI (44.75°, -87.28°) in 2010 aboard the R/V Grayling 
and Sturgeon (Figure 1).  Lake Superior samples were taken offshore of Stockton Island (46.94°, 
-90.51°) in the Apostle Islands National Lakeshore in 2011 aboard the R/V Kiyi (Figure 1).  The 
temporal frequency of sampling differed between lakes.  In Lake Michigan, fish were sampled in 
April, July, and September, whereas zooplankton were sampled monthly from April to October.  
In Lake Superior, fish and zooplankton were sampled in April, September, October, and 
November.    
Zooplankton Sampling and Processing 
Zooplankton samples were collected identically in each lake to estimate density and 
biomass of Bythotrephes, as well as other zooplankton.  At each depth, whole-water column 
samples were collected (starting 1 m above the bottom of the lake) during the day using a set of 
replicate tows with a 153-μm mesh, 0.5-m diameter net fitted with a flowmeter, and retrieved at a 
speed of about 0.5 m/s.  A 5 minute antacid bath was used to relax zooplankton bodies for future 
measurement and biomass determination prior to fixation in 5% sucrose formalin.   
For both lakes, laboratory enumeration and measurements followed USEPA zooplankton 




sample was enumerated completely to estimate density and biomass of large taxa such as 
Bythotrephes, Leptodora kindtii, Mysis relicta, and Cercopagis pengoi.  All adults were 
identified to species (except for Bosmina species).  Copepodites (immature copepods) were 
identified to species except Leptodiaptomus species.  Samples were split with a Folsom plankton 
divider to estimate densities of smaller and more numerous crustacean zooplankton.  Samples 
were split until the number of zooplankton identified within each of those subsamples equaled 
between 200 and 400 total individuals (the smallest subsamples known as the ‘A’ and ‘B’ 
samples).  Less abundant species (i.e., those whose counts summed to less than 40 in the ‘A’ and 
‘B’ splits) were counted in the ‘C’ split (whose split fraction equaled the sum of the ‘A’ and ‘B’ 
splits).  Only large (i.e., Limnocalanus macrurus, Senecella calanoides, Epischura lacustris) 
and/or rare (i.e., not typically seen at that time of year or depth) taxa were counted in the ‘D’ 
split (whose split fraction equaled the sum of the ‘A’, ‘B’, and ‘C’ splits).  Split-specific 
densities for each taxon were averaged, with a weighting based on the proportion of each total 
sample represented by the split.  
Zooplankton measurements were applied to length-weight regressions to estimate 
biomass by dry weight (Table 1).  The first 20 individuals in each taxon and life-stage were 
measured with an ocular micrometer under a dissecting microscope (Leica Wild M8).  
Specimens from the cladocera order, primarily Daphnia species and Bosmina longirostris, were 
measured from either the top of their head, or the front of their rostrum to the base of the caudal 
spine or the distalmost part of their carapace (Dumont et al. 1975, Bottrell et al. 1976).  Calanoid 
and cyclopoid copepods (adults) and copepodites (immature) were measured from the anterior-
most part of the cephalosome to the distal end of the caudal ramus (Pace & Orcutt 1981, Doubek 




total length measurement for biomass (Grossnickle & Beeton 1979, Shea & Makarewicz 1989).  
Biomass estimations for aquatic insects, e.g. Chironomid species, were made from head capsule 
width measurements (Smock 1980).  
Bythotrephes Production Estimates 
 Similar to other collected zooplankton, regressions were applied to Bythotrephes to 
estimate biomass which, in turn, was used to estimate production.  First, each individual 
Bythotrephes was classified to instar (based on the number of barbs on the spine), and for each 
instar that occurred, up to twenty individuals were measured.  Lengths were converted to weights 
by measuring individuals from the proximal end of its spine to the base of the kink of the spine 
(Garton & Berg 1990), or where spinules were located in sexually-produced individuals (Rivier 
& Dumont 1998).  A Seabird electronic bathythermograph (BT, CTD) was used at most of the 
collection sites to estimate the vertical temperature profile.  In the nine cases where Seabird was 
not used, surface temperatures from Great Lakes Coastal Forecasting System were utilized to 
estimate temperature (Schwab & Bedford 1999).  Epilimnetic temperatures were then calculated 
from the ratio of Great Lakes Coastal Forecasting System surface temperatures to known 
epilimnetic temperatures (0.89; R
2
=0.68).  Given that the epilimnion is the preferred depth for 
Bythotrephes (Lehman & Cáceres 1993), I calculated the mean epilimnetic temperature, or mean 
temperature of the top 20 m when not stratified.  I estimated Bythotrephes production from my 
own biomass estimates using log P/B daily = α + β T: where P = production (g/ day), B = biomass 
(g /day), T = temperature (°C), α = -1.725 and β = 0.044 (Shuter & Ing 1997).  Although the 
coefficients from Shuter & Ing (1997) were developed for herbivorous cladocerans, the predicted 
production estimate was not different from egg-ratio production estimates (Foster & Sprules 




Shuter & Ing (1997) model an appropriate replacement given the sampling design.  All 




) basis to facilitate comparisons with 
consumption of Bythotrephes by fish.   
Post-hoc analysis for day and night estimates of Bythotrephes densities using the 
previously described gear revealed that day samples were biased low.  Specifically, samples 
pooled from both Lake Huron in 2012 (n=9) and Lake Superior in 2011 (n=7) revealed estimated 
biomasses (mean±SD) from night samples to be 2.06 ± 0.90 times greater than those estimated 
from day samples (paired t-test, t16 = -4.97; p<0.001).  To conduct the most robust test of 
Bythotrephes control, I multiplied the daytime estimates of Bythotrephes biomass by 2.06, which 
thereby increased estimated Bythotrephes production. 
Fish Sampling   
To estimate consumption of Bythotrephes by the fish community, fish were collected at 
sites where zooplankton were also sampled.  Gears used for fish included bottom trawl and 
midwater trawl with acoustics.  Bottom trawls were used because many benthivores and 
planktivores are associated with the lake bottom during some part of daylight hours.  I used 
“Yankee style” trawls with a 12-m headrope that fished for 10-20 minutes per tow, depending on 
the lake, and collected individuals within 1 m of the bottom at each site.  Upon retrieval, 
collected fish were sorted by species and size class (Table 2), measured (TL, mm), weighed 
(nearest 0.1 g), and up to 20 fish per species and size-class were frozen for later diet analysis.  
Benthic fish densities (#/ha) were estimated by the area swept as a function of time on bottom, 
vessel speed and width of net, then averaged for the two replicate tows.  Densities of deepwater 




Pelagic estimates of fish densities were required because some species and life-stages are 
not fully vulnerable to the bottom trawl.  As a result, I also conducted nighttime stepped-oblique 
midwater trawls (equipped with netmind sensors to estimate fishing depth) and used an 
echosounder to acoustically estimate fish density in every 5 m of  water column (excluding 1 m 
above the bottom and below the hull of the vessel).  Acoustics data were collected with 
Biosonics DT-X split beam echosounder version 4.0 with 38 and 120 kHz transducers following 
previous guidelines for Lake Michigan (Warner et al. 2008, Parker-Stetter et al. 2009, Rudstam 
et al. 2009, and Warner et al. 2009) and Lake Superior (Rudstam et al. 2009).  Acoustic densities 
were apportioned to species using a combination of midwater trawl species and size composition 
data and in situ target strength (TS) information derived from analysis in Echoview © 4.6 
following the approaches outlined by Warner et al. (2008, 2009) for Lake Michigan and Yule et 
al. (2007) and Myers et al. (2009) for Lake Superior.  Mean mass of fish was estimated by 
predicting length from TS using Rudstam et al. (2003), then predicting mass from length 
(rainbow smelt) or predicting mass directly from TS (bloater) using Fleischer et al. (1997).  
Acoustics estimates (> 1 m off of lake bottom) did not overlap with bottom trawls (lake bottom 
to 1 meter off bottom) and therefore the combination of these gears (so long as they were fished 
during the same time of day) avoided double-counting.  Any collected fish in midwater trawls 
underwent the same processing protocol as the bottom trawls and were saved for diet analysis.   
Fish were sampled with all gears in both lakes, but there were differences in some of the 
methodology beyond months of fish sampling aside from those previously mentioned.  Bottom 
trawl duration was 10 minutes or less in Lake Michigan during the day, but trawls in Lake 
Superior occurred for 20 minutes during both day and night.  Species apportionment for 




surface were apportioned using midwater trawl data with Netmind mensuration gear exclusively, 
while acoustic densities ≥ 40 m below the surface were apportioned using mean TS.  If mean TS 
for an acoustic cell was < -45 dB, targets were assumed to be large rainbow smelt.  If mean TS 
was ≥ -45 dB, targets were assumed to be large bloater for Lake Michigan and cisco for Lake 
Superior.  In Lake Superior at depths greater than 50 m during April, October, and November 
and greater than 30 m in September, targets were classified as ciscoes (bloater, shortjaw cisco, 
and kiyi).  When low sample sizes from Lake Superior midwater trawls in a month made 
acoustics difficult to apportion species, the combined species composition from midwater and 
bottom trawls was used as a surrogate.  Because fish collection in Lake Michigan occurred either 
during the day (bottom trawls) or at night (midwater trawls and acoustics), I used only the 
highest density estimates to characterize maximum planktivore density between the two 
collection methods (acoustic: bottom trawl selection; 76% for alewife, 92% rainbow smelt, 50% 
bloater; bottom trawls were used exclusively for sculpin species) that could account for 
maximum consumption.  Contrasting this in Lake Superior, both trawling methods were 
deployed at night so that their estimates could be summed.   
Fish Diet Analysis 
 To reveal Bythotrephes consumption by the fish community, diets from fish in each lake 
were analyzed.  After thawing, each fish was sexed (if mature), weighed (nearest 0.1 g), and 
measured for TL (nearest 1 mm).  To account for possible ontogenetic changes in diet, alewife, 
bloater, cisco, rainbow smelt, and lake whitefish were summarized by small and large size 
classes (Table 2) based upon tracking histograms of seasonal modal length changes for each fish 
species.  An excision was made from the anus to the esophagus, and stomachs, from pyloric 




Up to 15 individuals were processed for diets in a given species, size class, depth, month, and 
site when available.  To process stomachs, each was placed in a watch glass with contents 
removed under a dissecting microscope.  All prey individuals were identified to species or, if 
digestion inhibited identification, a higher taxonomic level.  Each individual prey taxon was 
enumerated and up to 10 individuals per species were measured for each fish sample.  Length-
weight regressions (same as zooplankton processing; see Table 1) were then applied so that diet 
proportion by weight could be estimated. 
Bythotrephes had a separate enumeration/identification procedure due to retention of its 
spines and possible overestimation of recent consumption (Parker-Stetter et al. 2001, Parker-
Stetter et al. 2005, Storch et al. 2007).  Only “tissued” spines (those spines with some degree of 
attached body tissue to the proximal end) and/or bodies with eye spots were considered a 
countable prey item.  If “tissued” spines were found accompanying spineless bodies with eye-
spots, then spines along with bodies having eye-spots were combined to count as one individual, 
and not two separate ones.   
In Lake Michigan samples, the entire contents of an individual stomach were enumerated 
and identified unless there were a high number of diet items (i.e., >200), and then the stomach 
was sub-sampled.  If sub-sampled, stomach contents were placed in a known volume of water 
(usually 100 ml), suspended in the water with a magnetic stirrer, and then a known volume was 
removed with a pipette.  Stomach contents were processed in 10% volumetric sub-samples, and 
when at least 100 prey items were counted, the entire sample was extrapolated (sensu Pothoven 
et al. 2009, Gamble et al. 2011a, 2011b).  Prior to any subsampling, large prey items 
(Bythotrephes, Mysis, Diporeia, larval fish, and chironomid species) were first enumerated 




other large species, from compromising the integrity of the sub-sampling procedure.  In Lake 
Superior samples, I used a modified sub-sampling procedure given the large stomachs of cisco 
and lake whitefish and resultant high number of prey items.  First, I enumerated and measured all 
large prey items (Bythotrephes, Mysis, Diporeia, larval fish, and chironomid species) from an 
individual fish.  With the remaining smaller diet items, however, I pooled up to 5 of the 
individual diets from a given fish species/size class that were collected from the same tow, 
following the protocol of Gamble et al. (2011a, 2011b).  The processing of these pooled diet 
items followed the same sub-sampling routine as the Lake Michigan procedure (counting prey in 
the 10% subsample volume increments).   
Fish Consumption Estimates 
 Daily consumption (g/m
2
) of Bythotrephes was estimated for every species, at every site 
and date, when Bythotrephes was identified in at least one diet.  Two methods of estimating 
consumption were used: bioenergetics modeling and daily ration modeling.  Bioenergetics 
models for alewife, bloater, lake whitefish, round goby, and rainbow smelt within Wisconsin Sea 
Grant-Fish Bioenergetics 3.0 software were used to estimate consumption using each of the 
localized lake parameters.  No changes were made from the original data compilation (Hanson et 
al. 1997), except for modifications to the bloater and generalized coregonid model where the 
mass dependence coefficient for swimming speed at all temperatures (RK4) was changed from 
0.025 to 0.25 (Rudstam et al. 1994b) and the lake whitefish model where the respiration 
coefficient (RA) was changed from 0.0018 to 0.00138 (Madenjian et al. 2006a, 2013).  For 
deepwater and slimy sculpin, a daily ration model was utilized (Mychek-Londer & Bunnell 




stickleback Pungitius pungitius, which consumed <0.01 Bythotrephes by dry weight and lacked a 
species specific bioenergetics model, did not receive a consumption estimate. 
Where possible, inputs compiled for bioenergetics models were measured directly from 
collected individuals and sites.  Temperature at each site, fish weights (Table 3), and individual 
diet proportions by species/size class were quantified as inputs into the model.  Inputs such as 
energy densities of prey and predators were applied from previous research (Table 4).  
Temperatures for bioenergetics model input were calculated from temperature profiles from 
SeaBird CTD.  To estimate temperatures experienced by benthivores, I used lake hypolimnetic 
temperature.  Estimated temperature experienced by planktivores was calculated as a single 
mean temperature weighted by density of a given species and size class in each 5-m vertical 
stratum of the water column.   
Estimated proportion of maximum consumption (p-value) for bioenergetics models was 
derived from field data where possible or from previous studies.  For a given species, I tracked 
modal length from size distributions across the sampling year to estimate growth of size classes 
through time.  First, length-weight regressions were used to estimate beginning and end weight 
over a known time period.  These were used to estimate p-value required to achieve this growth.  
This approach was possible for alewife (both size classes), Lake Michigan bloater (both size 
classes), and Lake Michigan and Superior rainbow smelt (both size classes).   
When histograms could not be used to estimate fish growth, I relied on growth rates or p-
values from previous studies.  For round goby in Lake Michigan, I assumed a daily growth rate 
from previous research (Taraborelli et al. 2010, Lynch & Mensinger 2013).  For cisco, lake 




maintenance ration because I was unable to track growth through length frequency, and the high 
likelihood of each species consuming large proportions of Bythotrephes (Gamble et al. 2011a, 
2011b).  
For deepwater and slimy sculpins, a daily ration model was used: 
daily ration (dry g prey consumed) =  ̅/ 100 × 24 h × r (h - 1) × FDW 
where  ̅ =index of fullness (g) as a function of body size, 24 = hours in a day, r = the slope 
coefficient from the gastric evacuation experiments, and FDW = fish dry weight (g) (Mychek-
Londer & Bunnell 2013).  This model was developed for temperatures ≤ 6 ° C and benthic 
temperatures during months of Bythotrephes consumption never exceeded this temperature.  
Although   ̅ was derived from Lake Michigan sculpins collected from January to May,  I applied 
these estimates given that fish size, rather than season, appears to drive variability in index of 
fullness (Kraft & Kitchell 1986, Mychek-Londer & Bunnell 2013).  Daily ration of the fish was 
applied to a wet: dry weight ratio for slimy sculpin (0.216) or deepwater sculpin (0.210) 
(Mychek-Londer & Bunnell 2013).  Spoonhead sculpin consumed very low proportions of 
Bythotrephes (<0.01 by dry weight), so I chose not to estimate their consumption because no 
bioenergetics or daily ration model exists.       
In each instance of Bythotrephes consumption by an individual species and size class, the 
daily consumption of an average individual was multiplied by the maximum density (#/ha) of 
fish on that date and site to achieve a potential population consumption estimate (total wet g 
consumed/m
2
).  Biomass of Bythotrephes consumed per m
2
 was converted to dry weight by 
applying a 0.12 dry weight ratio (Lehman & Cáceres 1993).  After population consumption was 




summed to obtain a fish community consumption estimate that was compared to daily 
Bythotrephes production at that site, depth, and date.   
Determining Biotic and Abiotic Influences on Bythotrephes 
Control was determined based on fish consumption and Bythotrephes population 
declines, however additional evaluations were conducted to explain Bythotrephes changes.  
Statistical models were used to explore how abiotic and biotic factors along with fish 
consumption could explain variability in population dynamics of Bythotrephes.  Pooling across 
both lakes, I developed a generalized additive model (GAM) (Wood 2006) within R 2.14.2 (R 
Core Team 2013) using the mgcv package (Wood 2011) to explore the relative explanatory 
power of epilimnetic water temperature, preferred zooplankton prey availability, bottom depth, 
site, and consumption by the fish community.  Bythotrephes biomass in the month following 
estimated fish consumption was utilized as the response variable and transformed (natural log) to 
normalize its distribution.  Depth was fit as either a linear covariate or a 3-level categorical 
variable.  Site was fit as a 3-level categorical variable.  Zooplankton prey of Bythotrephes 
(cladocerans, Schulz & Yurista 1999, cyclopoid adults, Dumitru et al. 2001, and calanoid and 
cyclopoid copepodites, Dumitru et al. 2001) was fit as a linear covariate and equaled the average 
biomass between the month when fish consumption was estimated and the following month 
(when Bythotrephes biomass was the response variable).  Epilimnetic temperature (either 
collected from Seabird bathythermograph on dates when Bythotrephes were collected or 
estimated using Great Lakes Coastal Forecasting System) was similarly averaged over the same 
two months as zooplankton prey.  Because epilimnetic temperature could be non-linearly related 
to Bythotrephes biomass (Yurista 1992), each model that included temperature was fit with either 




variables (consumption, zooplankton prey, and temperature) were deterministic of future 
Bythotrephes biomasses.  There were a total of 40 candidate models, and I calculated Akaike’s 
Information Criterion corrected for small sample sizes (AICc) to select the most parsimonious 
model (Burnham & Anderson 2002).  If Δ AICc for a given model was less than 2, then those 
models were considered equivalent to the top-ranked model in terms of explanatory power.  Wi 
determined weight of evidence in a model indicating the probability that the model was best 


















  In Lake Michigan, each instar of Bythotrephes was collected from July through October 
with few individuals collected in April and June.  The biomass (mg /m
2
) varied between sites and 
depths.  Highest overall abundances occurred in Sturgeon Bay (Figure 2).  Temporal patterns 
differed between sites.  For both sites, biomass was generally highest in September or October.  
Biomass typically increased from July through October at all depths in Sturgeon Bay, but 
Frankfort abundance and biomass declined across all depths in August.  The only depth at which 
any Bythotrephes were found there in August was 110 m (9.58 mg/m
2
 and 2.30 mg/m
2
).  Within 
each site, biomass varied across depths: highest biomass occurred at the offshore depth for 
Sturgeon Bay (265.74 mg/m
2
), whereas highest biomass was at an intermediate depth for 
Frankfort (85.96 mg/m
2
).  Trends for estimated production (corrected for day sampling bias) 
were similar to those of biomass, with highest production for Sturgeon Bay at 110 m (23.7 
mg/m
2
) in October.  However, highest production in Frankfort was at 18 m (6.98 mg/m
2
) in July, 
while maximum biomass there occurred at 46 m in October.   
In Lake Superior, Bythotrephes was sampled from September through November at every 
depth (Figure 2 g, h, i), and was not found in April.  Biomass generally decreased over time at all 
depths.  Biomasses and densities for offshore samples (110-m) were generally lower in 
September and October than for nearshore samples (18 & 46-m).  The highest biomass was in 
October at 18 m (88.6 mg/m
2
) (Figure 2 g).  Lake Superior Bythotrephes had highest production 
estimates in September (2.4, 3.3, and 2.6 mg/m
2
 with increasing depth intervals) as well as 
nearshore in October (2.90 mg/m
2
).  For months when Bythotrephes were collected, lowest 




Fish Consumption of Bythotrephes 
 A total of 1160 planktivorous and benthivorous fishes collected from Lake Michigan 
during April, July, and September 2010 were analyzed for diet content (alewife n=345, bloater 
n=126, rainbow smelt n=189, round goby n=94, slimy sculpin n=266, deepwater sculpin n=140).  
Although numerous prey items were consumed (appendix tables 1-12), all species and size 
classes consumed some Bythotrephes throughout the year (Figure 3a), although the highest mean 
proportion of Bythotrephes (dry weight) was only 0.16.  Pooling across months and depths, the 
species and size classes with diet proportions of at least 0.10 for Bythotrephes were large alewife 
(0.16), large rainbow smelt (0.15), and small bloater (0.16).  Benthivorous round goby (0.07), 
slimy sculpins (0.05), and deepwater sculpin (<0.01), as well as small alewife (0.07), small 
rainbow smelt (0.05), and large bloater (<0.01) consumed marginal proportions of Bythotrephes.  
A total of 685 planktivorous and benthivorous fishes were collected from Lake Superior 
during April, September, October, and November 2011  (rainbow smelt n=236, cisco n=101, 
lake whitefish n=161, bloater n=73, spoonhead sculpin n=114).  Like Lake Michigan, diets 
varied by species and size classes (appendix tables 13-17).  Bythotrephes was consumed by all 
species (Figure 3b), but was a rarer diet item for all but large cisco (0.43), small cisco (0.18), and 
small bloater (0.18).   
Comparing Fish Consumption to Bythotrephes Production 
In Lake Michigan, my modeling and daily ration estimates indicated that most of the 
production of Bythotrephes was consumed by alewife with significant contributions from 
rainbow smelt and round goby in some instances (Figure 4 a-f).  The ratio of consumption to 




July at Sturgeon Bay and September at both sites (Figure 4, 5a, and Appendix Tables 18-23).  
Consumption by alewife alone exceeded production of Bythotrephes in July at Sturgeon Bay.  In 
September, consumption by several planktivores exceeded production at each nearshore site 
(Figure 4a, 4d).  Across all months, highest consumption to production ratios primarily occurred 
nearshore (Figure 4a, d), somewhat lower ratios at intermediate depths (Figure 4b, e) and ratios 
near zero offshore (Figure 4c, f).  In nearshore Lake Michigan, consumption exceeded 
production for 75% of my estimates (Figure 5a).  Consumption in intermediate and offshore sites 
never exceeded production with the greatest ratio only reaching 0.14 in Sturgeon Bay in 
September.    
In Lake Superior, consumption exceeded production due to cisco with minor 
contributions from other species.  When it was present, cisco was the predominate consumer 
(Figure 3b).  Consumption exceeded production in November at 46 m and September, October, 
and November at 110 m in Lake Superior (Figure 4g, h, Appendix Tables 24-25).  Small and 
large cisco consumed between 1.4% and 839% of Bythotrephes production.  The only other 
species to consume at least 5% of Bythotrephes production on a given site/day were small bloater 
(8%) and large lake whitefish (8.1%).  Production was exceeded by consumption in four out of 
nine instances where Bythotrephes were sampled (Figure 5b) and consumption at the 110-m site 
always exceeded production.  Conversely, at the intermediate depth, Bythotrephes production 
was exceeded by consumption at intermediate depths (46-m) only during November (Figure 5b).  
Nearshore (18-m) consumption of Bythotrephes was never observed and therefore production 





Control of Bythotrephes 
To determine whether Bythotrephes was controlled by fish planktivory, I evaluated 
whether Bythotrephes declined in the month following consumption exceeding production at a 
given depth and site.  There were three instances for control to possibly occur in Lake Michigan 
at 18 m, but no control was supported as Bythotrephes biomass increased in the following month.  
For Lake Superior, there was one instance at 46 m and three instances at 110 m when control 
could possibly occur.  Because December zooplankton samples were not collected, control could 
not be ascertained for November consumption estimates.  Hence, only two cases of control could 
be evaluated (110 m in September and October) and both met control criteria as indicated by 
subsequent declines in Bythotrephes biomass. 
Statistical Modeling  
AICc model selection revealed a single model with a smoothed temperature variable as 
the most parsimonious with substantial support and weight of evidence (Table 5).  Across both 
lakes, highest Bythotrephes biomass occurred at temperatures near 15°C, and the model 
predicted a non-linear relationship between Bythotrephes and temperature with Bythotrephes 
biomass increasing between 10 and 15°C, and then declining to the lowest values at ~22°C 
(Figure 6).  Three other models had relatively low Δ AICc values (2.6-3.4), and each included 
temperature plus one additional variable (consumption by fish, preferred zooplankton prey, or 
sampling site) with weights of evidence from 16-10%.  Overall, temperature had the greatest 







 Numerous fish species in Lake Michigan and Lake Superior consumed Bythotrephes.  
Fitting with my first hypothesis, of the fish in Lake Michigan that consumed Bythotrephes, 
alewife at nearshore depths had the largest proportions in their diet.  Fitting with my second 
hypothesis for Lake Superior, cisco consumed the largest proportions of Bythotrephes at deeper 
depths.  Regardless of consumption, control of Bythotrephes was inconsistent throughout the 
lakes.  Control of Bythotrephes was supported in none of the 12 possible instances in Lake 
Michigan.  While consumption was higher than Bythotrephes production in some instances, 
populations of Bythotrephes never declined following this high consumption indicating a lack of 
control.  Conversely, control of Lake Superior Bythotrephes was evident in both possible cases 
offshore, but never at intermediate depths countering my third hypothesis of control at all deeper 
depth locations in Lake Superior.  While the estimates of consumption indicated that control of 
Bythotrephes by fishes was supported only in offshore depths of Lake Superior, the results of the 
GAM indicated that temperature was the best explanatory abiotic or biotic variable determining 
Bythotrephes changes across depths as well as lakes.  These results countered my fourth 
hypothesis, that planktivory by fishes or resource limitation via Bythotrephes prey availability 
would facilitate Bythotrephes biomass in Lake Michigan and Lake Superior.   
Of the explanatory variables analyzed in the GAM, temperature best explained 
Bythotrephes biomass changes.  Previous research found that Bythotrephes mortality increased 
with increasing temperatures (Garton et al. 1990).  In their laboratory experiments, mortality 
increased after exposure to temperatures above 15°C.  My wild collected Bythotrephes 
biomasses were always highest at 15-16 °C, with lower values below 10°C and lowest values 




studies have argued that temperatures above 24°C can negatively impact Bythotrephes 
abundance (Compton & Kerfoot 2004) or can even limit its North American distribution 
(Kerfoot et al. 2011).  These decreases in biomass at higher temperatures could be linked to 
Bythotrephes physiological stress.  Temperatures above 23°C limit respiratory and enzyme 
activity for Bythotrephes (Yurista 1999) which could lead to increased mortality and reduced 
production.  Below these lethal temperatures, however, warmer epilimnetic temperatures (15-
18°C) increase consumption by Bythotrephes (Yurista et al. 2010) and the length of their body 
and spine (Miehls et al. 2013).  Other explanatory variables such as fish consumption or prey 
availability were not included in the most parsimonious model.  Yet in relation to prey 
availability, Pangle & Peacor (2010) found that temperature, and not resource availability, 
regulated the growth rate of Daphnia species, another cladoceran.  Overall temperature extremes 
appear to limit Bythotrephes via physiological stress and this stress likely reflects the lower 
biomasses I observed when temperatures were below 10°C and above 20°C.   
There are two main caveats that should be taken into account when interpreting the GAM 
results.  First, temperature was the most parsimonious explanatory variable, and it appears 
unlikely that, within the context of the AIC results, consumption by fish and prey availability 
were important explanatory variables.  However, the second highest weight of evidence in the 
GAM models was a combination of temperature and consumption.  Warmer temperatures do 
occur in late summer when previously gape-limited fishes become large enough to consume 
Bythotrephes.  My results indicated that high temperatures correspond with decreased biomass of 
Bythotrephes, and that consumption was highest when Bythotrephes biomass was also high.  
Furthermore, my bioenergetics-derived estimation of consumption from the alewife population 




positive correlation with temperature.  But this positive correlation with temperature did not 
occur for cisco (the species which consumed most of Bythotrephes production in Lake Superior).  
In total, although consumption could have been a contributing factor to Bythotrephes population 
dynamics based on its inclusion in the second ranked GAM model, and the bioenergetics 
modeling, its effects were less direct than temperature.  The second caveat to take into account is 
that not every other variable could have been included in the GAM.  For example, fishhook 
water flea Cercopagis pengoi biomass was not included as it was ephemeral, occurred only in 
Lake Michigan, and only in Frankfort waters.  Therefore, the presence or absence of Cercopagis 
in GAM models would have been a poor predictor of Bythotrephes biomass.  While Cercopagis 
did occur when Bythotrephes was either low or absent, the probable combination of increased 
predation from fish on Bythotrephes and thus release from predation for Cercopagis  (Witt & 
Cáceres 2004) or competitive interactions (sensu Pichlova-Ptacnikova & Vanderploeg 2009) 
between the two invasive predatory cladocerans is a more probable explanation of their limited 
overlap.  Whether consumption by fish or another factor caused densities of Bythotrephes to 
decrease concurrently with Cercopagis increases suggests that a complicated relationship exists 
and merits further research. 
Consumption of Bythotrephes by planktivorous and benthivorous fishes varied with depth 
in Lake Michigan.  Alewife, rainbow smelt, and round goby were the largest overall consumers 
of Bythotrephes.  High alewife consumption of Bythotrephes was consistent with studies by 
Pothoven et al. (2007) and Storch et al. (2007) in Lake Michigan.  Also overall consumption by 
all fishes was lower when offshore in deeper waters.  Rainbow smelt consumed Bythotrephes 
primarily at nearshore depths.  Previous research found that Bythotrephes comprised between 25 




documented rainbow smelt as shifting towards a diet including Bythotrephes when available in 
Lake Ontario.  Lastly, the consumption of pelagic Bythotrephes by benthic round goby in the 
nearshore was somewhat unexpected given their respective habitat differences.  However, Barton 
et al. (2005) indicated that round goby consumption of Bythotrephes represented active searching 
for prey in the water column, not just in benthos.  Schaeffer et al. (2005) also frequently found 
Bythotrephes (86% frequency of occurrence) in diets for small (50-79 mm) round gobies in the 
27-46-m depth range in Lake Huron.  Each of these non-native fish species are typically 
associated with pelagic or benthic habitats, but each demonstrated an ability to consume a 
primarily epilimnetic zooplankton.   
Fish consumption of Bythotrephes in Lake Superior contrasted with Lake Michigan.  In 
Lake Superior, consumption of Bythotrephes never occurred at nearshore depths.  But similar to 
Lake Michigan, Bythotrephes was a diet item for numerous species.  Cisco, rainbow smelt, 
bloater, lake whitefish, and spoonhead sculpin were all consumers of Bythotrephes in Lake 
Superior.  My finding that cisco dominated the consumption of Bythotrephes at intermediate and 
offshore depths was corroborated by Gamble et al. (2011a, 2011b), who reported that diets of 
cisco in Lake Superior were comprised of Bythotrephes in both the summer (63%) and fall 
(37%), with fall diets switching to a predominance of Mysis (63%).  Young et al. (2009) 
suggested that once Bythotrephes become abundant in smaller Ontario lakes, cisco search for 
them as a prey item.  My fall cisco diets at 110 m included at least 78% Bythotrephes 
consumption by large individuals and variable (0-87%) consumption by small individuals, 
suggesting that Bythotrephes remain a preferred prey item for cisco.  Cisco is a key predator of 




consumption to Bythotrephes production, and conclusion that cisco was associated with control 
in Lake Superior. 
Evidence of control by cisco in Lake Superior was limited to the offshore site in 
September and October.  It was possible that they also controlled Bythotrephes in November at 
intermediate depths (46-m) and offshore depths (110-m), but thus could not be confirmed due to 
a lack of sampling in December.  Furthermore, in Lake Superior, the low density of Bythotrephes 
offshore contrasts reports from Keweenaw Bay of higher offshore densities (Barnhisel & Kerfoot 
2004).  However, my result was corroborated by another Lake Superior study that revealed 
Bythotrephes attained a lower overall biomass at sites deeper than 30 m (Sierszen et al. 2011).  
Once Bythotrephes increase in abundance, cisco selectivity of Bythotrephes remains high even 
when densities of this prey decline (Young et al. 2009).  Therefore, whenever there is any 
overlap between the species, consumption is likely to be high.  Cisco remain pelagic in the water 
column (Yule et al. 2007, 2008), as well as at intermediate to offshore depths (Muir et al. 2013).  
The combination of cisco preferring epilimnetic Bythotrephes and remaining high in the water 
column over deeper waters provides an explanation as to why consumption was greater than 
production at these offshore locations and not nearshore where spatial overlap could potentially 
be higher.  The offshore habitat selection of Lake Superior cisco could explain the consistent 
lack of nearshore consumption and higher nearshore biomasses of Bythotrephes. 
While consumption was greater than Bythotrephes production in some instances, there 
are several possible explanations why control could have existed in the Lake Michigan 
nearshore, but was never detected.  First, fish consumption was generally greater than 
Bythotrephes production at this depth, and even though Bythotrephes are known to remain 




m or 110 m where planktivorous fish likely occur in deeper water than epilimnetic (Lehman & 
Cáceres 1993).  Although this nearshore overlap between Bythotrephes and fish would suggest 
that control could occur through excessive consumption, control was not detected.  Second, the 
planktonic nature of Bythotrephes could influence my biomass estimates at our fixed sampling 
sites.  Relatively slow planktonic swimming speeds (Muirhead & Sprules 2003) as well as lake 
currents (Watson 1974, Churchill et al. 2004, Compton & Kerfoot 2004) have been shown to 
affect zooplankton populations by upwelling occurrences that can transport zooplankton to new 
locations.  Zooplankton such as Bythotrephes are likely equally susceptible to these occurrences.  
Third, the monthly sampling frequency might be too long to measure the response of 
zooplankton to excessive consumption.  Because Bythotrephes typically exhibit a 2-week life 
cycle (i.e., time from neonate to primiparity) shorter-term declines caused by fish consumption 
could have been missed in my study.  Together, the caveats indicate the potential difficulty in 
detecting the effect of various abiotic and biotic factors on Bythotrephes population dynamics 
when sampling occurred monthly at fixed sites, such as the Lake Michigan nearshore where my 
bioenergetics modeling suggested that predation could be regulating Bythotrephes population 
dynamics. 
 One other issue related to sampling is that Bythotrephes were collected using a 
zooplankton net during the day.  Due to the reaction time (Muirhead & Sprules 2003), and 
possible light sensitivity (Pangle & Peacor 2009) of Bythotrephes, a day:night correction factor 
was used to account for possible net avoidance.  Based on the greater abundance (1.88X±0.76; 
mean ±SD) and biomass (2.06X±0.90; mean ±SD) of Bythotrephes collected at night, 
Bythotrephes appeared to be avoiding nets.  While there is confidence in the correction factor 




occurred.  To explore the effect of this correction factor, I compared my results in each lake to 
two scenarios: 1) no application of the correction factor and 2) increasing the correction factor to 
an even higher estimate (2.96, which adds the highest SD to the mean correction factor).  These 
changes would only affect the first prerequisite for control (i.e., whether consumption exceeded 
production).  If I did not use this correction factor, then consumption would exceed production 
for 75% of the collections at 18 m, 50% at 46-m, and 0 % at 110 m in Lake Michigan.  However 
control would still not have occurred in Lake Michigan because significant declines were not 
observed following these time periods.  Completing the same exercise of ignoring the correction 
factor caused estimated consumption in Lake Superior to exceed production 66% of the 
collections at 46 m and 100% at 110 m.  But the number of instances of control would not 
change.  Increasing the correction factor to an even higher estimate resulted in consumption 
exceeding production only 25% of the collections at 18 m, 0% at 46 m, and 0% at 110 m in Lake 
Michigan but still control would not exist.  Increasing the correction factor for Lake Superior 
would cause consumption to exceed production in only 33% of the instances for both 46 m and 
110 m.  Furthermore, because these excesses occurred in November, our previous conclusion 
that control existed in September and October would no longer be supported in Lake Superior.  
Considering these scenarios and the disparity between day and night sampling, future collections 
of Bythotrephes should take place at night to avoid any potential bias of daytime net avoidance.   
Another set of caveats existed with estimating consumption from bioenergetics modeling.  
Limited periodic fish sampling prevented estimation of growth rates more frequently and growth 
estimates over shortened time periods would be a more appropriate method for estimating p-
value and thus fish consumption.  Secondly, estimated high consumption values above those of 




bioenergetics studies and comparisons where zooplankton production was exceeded by predatory 
demand of pelagic planktivorous fishes in Lake Ontario (Rand et al. 1995).  Similarly Rand & 
Stewart (1998) found that up to 100% of alewife could be consumed by salmonines in Lake 
Ontario.  Rudstam et al. (1994b) also found varying degrees of consumption, and even when 
consumption was high, they did not find corresponding declines in zooplankton.  Finally, 
Bunnell et al. (2011) reported consumption by Bythotrephes alone should exceed zooplankton 
production in Lake Huron, yet zooplankton did not always decline in the month following 
excessive consumption.  Given these estimates of large proportions or even the biomass of entire 
populations being potentially consumed, high values of consumption do not always translate into 
measurable declines in the prey population.  Whether these results are due to poorly estimated 
modeling or sampling efforts, it suggests that better estimates of prey and predator abundances 
are needed in such endeavors involving fish consumption of various prey items.  
This study represents a complementary look at both biotic and abiotic factors that could 
influence invasive Bythotrephes.  Across both lakes, epilimnetic temperature was the most 
important explanatory variable contributing to Bythotrephes biomass changes.  Therefore 
temperature regimes could play a greater role in predicting Bythotrephes future success.  
Numerous fish consumed Bythotrephes, yet the ability of these species to control Bythotrephes 
was limited.  Consumption primarily by cisco, along with other native and non-native species, at 
offshore depths in Lake Superior resulted in a few instances of control of Bythotrephes.  In the 
Lake Michigan nearshore, Bythotrephes were consumed primarily by non-native species alewife, 
rainbow smelt, and round goby.  But even when consumption was greater than production, 
control did not occur in Lake Michigan.  Top-down control via fish consumption of Bythotrephes 




Bythotrephes, alewife in Lake Michigan and cisco in Lake Superior could still influence 
Bythotrephes, regardless of the inability to consistently control this invasive zooplankton.  While 
my definition of control was based on consumption, it is likely not the main driver of 
Bythotrephes dynamics and results indicated population changes are more interconnected to 
abiotic factors.  This study indicates the difficulty in determining a sole deterministic factor for 
invasive species dynamics, and attempting to control or limit their proliferation requires an 
understanding of a multitude of variables.  Efforts in understanding Bythotrephes should focus 
not only on which species consume them or what lake they inhabit, but at what depths they are 
consumed, and what temperatures a given population experiences.  This work demonstrates the 
importance in acknowledging the complexity of lake food webs while attempting to understand 













Table 1: Regressions used to predict dry weight of invertebrates in Lake Michigan and Lake 
Superior. 




 (log spine length, mm) + 1.670 Garton & Berg (1990) 
Cercopagis pengoi e2.37
+ 1.716(log body length, mm) Makarewicz et al. (2001) 
Calanoid species e2.46
(log length, mm)+1.05 Pace & Orcutt (1981) 
L. macrurus e3.01
(log length, mm)+0.71 (April) 
e3.01
(log length, mm)+0.71 (May) 
e3.78 
(log length, mm)+0.54 (June) 
e3.01
(log length, mm)+0.71 (July) 
e1.85
(log length, mm)+2.78 (August) 
e0.6218
(log length, mm)+2.6197 (September) 
e0.6218
(log length, mm)+2.6197 (October) 
Doubek & Lehman (2011) 
Cyclopoid species e3.23
(log length, mm)+2.2266 Pace & Orcutt (1981) 
Mesocyclops edax e3.97
(log length, mm)+1.66 Rosen (1981) 
Chironomid e2.32
(log length, mm)-5.279 Smock (1980) 
Dreissena FW=37 length2 – 2.64 length + 
0.058207 




Diporeia 0.0067 x (length, mm3.0232) Winnell & White (1984) 
Mysis (6.18 x antennal length) + 0.5 
e2.86
(log length, mm)-6.1709 
Grossnickle & Beeton (1979) 
Shea & Makarewicz (1989) 
Cladoceran species e2.56
(log length, mm)+1.51 Rosen (1981) 
Daphnia mendotae e2.56
(log length, mm)+1.51 Dumont et al. (1975) 
Bosmina  e2.53











Table 2: Sizes used to separate fish species in Lake Michigan and Lake Superior into different 
size classes. 
Lake Species Common Name Size Class, mm total length (TL) 
Small Large 
Michigan Alewife <110 ≥110 
Bloater <120 ≥120 
Rainbow Smelt <90 ≥90 
Superior Cisco <260 ≥260 
Bloater <240 ≥240 
Rainbow Smelt <90 ≥90 

















Table 3: Total length (mm) to weight (g) regressions from collected fish in Lake Michigan 2010 
and Lake Superior 2011. 
Lake Species Length (mm) to weight (g) 
regression 




-6 Total length3.06 
Rainbow Smelt = 2.96
-6 Total length3.11 
Round Goby = 2.85
-6 Total length
 3.36 
Slimy Sculpin = 3.48
-6 Total length3.30 
Deepwater Sculpin = 3.09
-6 Total length
 3.23 
Superior Cisco = 3.00
-6 Total length3.18 
Bloater = 4.12
-5 Total length2.68 
Rainbow Smelt = 5.89
-7 Total length3.46 
Lake Whitefish = 1.68
















Table 4: Prey and predator energy densities (J/g) used for bioenergetics modeling of fishes in 
Lake Michigan and Lake Superior. 
 
 
Taxa Energy Density Value (J/g) or Equation  Source 
Bythotrephes  1674 Lantry & Stewart (1993) 
Calanoid 2300 Cummins & Wuycheck 
(1971) 
Cladocerans 2412 Cummins & Wuycheck 
(1971) 
Cyclopoid 2300 Cummins & Wuycheck 
(1971) 
Diporeia 4185 Stewart & Binkowski 
(1986) 
Dipteran 2746 Cummins & Wuycheck 
(1971) 
Insect 3138 Lantry & Stewart (1993) 
Bivalves/Dreissena 2427 Schneider (1992) 
Mysis 4604 Stewart & Binkowski 
(1986) 
Unidentified Fish 4435 Lantry & Stewart (1993) 
Alewife Small-4493 (April), 4059 (July),  
4703 (September) 
Large-5665 (April), 4184 (July),  
5741 (September) 
Madenjian et al. (2006b) 
Rainbow Smelt 3730.6 + (111.73 x Wet Weight, g) Lantry & Stewart (1993) 
Round Goby 4600 Lee & Johnson (2005) 
Cisco 6517 Pangle et al. (2004) 
Bloater (22.5 x Total Length, mm) + 2397 Pothoven et al. (2012) 




Table 5:  Summary of the 10 generalized additive models with the lowest corrected Aikaike’s 
Information Criterion (AICc) values used to explain Bythotrephes biomass (µg/m
2
) at two Lake 
Michigan sites (2010) and one Lake Superior site (2011).  Each model was ranked according to 
its Δ AICc value and its corresponding Aikaike weight (w, given the probability that a given 
model is best).  Model variable abbreviations were: Temp=epilimnetic temperature (°C), 
Cons=consumption on Bythotrephes, Zpprey=preferred zooplankton prey available to 
Bythotrephes, Site=one of the three study sites, and Depth=depth at each site. Subscript f 
indicates a categorical variable. 
Model 
Rank 
Model of Explanatory Variables AICc Δ AICc w R
2 
1 s(Temp) 
43.711 0 0.561 0.839 
2 s(Cons) + s(Temp) 
46.263 2.552 0.157 0.846 
3 s(Temp) + s(Zpprey) 
47.006 3.295 0.108 0.840 
4 Sitef + s(Temperature) 
47.107 3.396 0.103 0.870 
5 s(Cons) + s(Temp) + s(Zpprey) 
50.113 6.402 0.023 0.847 
6 Depthf + s(Temp) 
50.440 6.729 0.019 0.844 
7 Sitef + s(Cons) + s(Temp) 
51.444 7.733 0.012 0.872 
8 Sitef + s(Temp) + s(Zpprey) 
51.593 7.882 0.011 0.871 
9 Depthf + s(Cons) + s(Temp) 
54.190 10.479 0.003 0.851 
10 Depthf + s(Temp) + s(Zpprey) 






Figure 1: Maps of sampling sites and nearby port cities for Lake Michigan in top inset and Lake 
Superior in bottom left inset.  Sampling sites are indicated by enclosed circles and local port 





Figure 2:  Seasonal changes in dry weight biomass (mean±SE) of daytime collected Bythotrephes (mg/m
2
) compared between Lake Michigan sites of 
Frankfort (FF -a, b, and c) and Sturgeon Bay (SB-d, e, and f) and Lake Superior site in the Apostle Islands (AI-g, h, and i) across depths (m) and 




Figure 3: Overall proportion (mean±SE) of Bythotrephes (dry weight) in diets of fishes by size class from a) 
Lake Michigan and b) Lake Superior.  LW=lake whitefish, SS=slimy sculpin, DWS=deepwater sculpin, 
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Figure 4:  Ratio of fish community consumption of Bythotrephes to production in Lake Michigan offshore of Frankfort, MI (upper graphs), and 
Sturgeon Bay, WI (middle graphs), and Lake Superior at the Apostle Islands, WI (lower graphs).  Ratios meeting or exceeding one are indicated by 





Figure 5: Proportion of instances when estimated consumption by fish on Bythotrephes equaled 
or exceeded 100% of production of Bythotrephes across depths at Lake Michigan sites (a) and 





Figure 6: Most parsimonious (Δ AICc less than 2) generalized additive model with explanatory 
variable smoothed epilimnetic temperature best explaining Bythotrephes biomass (µg/m
2
).  
Biomasses and temperatures from Lake Michigan (F=Frankfort, MI, S=Sturgeon Bay, WI) and 
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Appendix Table 1: Frankfort, MI planktivore diet proportions (dry weight) collected 18-m April, July, and September 2010. 
Month Species Size 
Class 
Prey Species 












































 Small NA NA NA NA NA NA NA NA NA NA 
Rainbow 
Smelt 
Large NA NA NA NA NA NA NA NA NA NA 































































































































































Month Species Size 
Class 
Prey Species 


































































































Appendix Table 3:  Frankfort, MI planktivore diet proportions (dry weight) collected 46-m April, July, and September 2010. 
Month Species Size 
Class 
Prey Species 











































 Small NA NA NA NA NA NA NA NA  NA NA 
Rainbow 
Smelt 
Large 0 0.43 0 <0.01 0 0 0.57 0  0 0 




























































































































































Month Species Size 
Class 
Prey Species 















































































































Appendix Table 5:  Frankfort, MI planktivore diet proportions (dry weight) collected 110-m April, July, and September 2010. 
Month Species Size 
Class 
Prey Species 














































 Small NA NA NA NA NA NA NA NA NA NA NA 
Rainbow 
Smelt 
Large NA NA NA NA NA NA NA NA NA NA NA 





































































































































































Month Species Size 
Class 
Prey Species 














































































































Appendix Table 7: Sturgeon Bay, WI planktivore diet proportions (dry weight) collected 18-m April, July, and September 2010. 
Month Species Size 
Class 
Prey Species 











































 Large NA NA NA NA 
NA 
NA 
NA NA NA NA NA NA 
Rainbow 
Smelt 
Large NA NA NA NA NA NA NA NA NA 































































































































































Month Species Size 
Class 
Prey Species 















































































































Appendix Table 9: Sturgeon Bay, WI planktivore diet proportions (dry weight) collected 46-m April, July, and September 2010. 
Month Species Size 
Class 
Prey Species 











































 Small NA NA NA NA NA NA NA NA NA NA 
Rainbow 
Smelt 
Large 0 0.73 0.03 0 0 0 0.24 0 0 0 




























































































































































Month Species Size 
Class 
Prey Species 





































































































Appendix Table 11: Sturgeon Bay, WI planktivore diet proportions (dry weight) collected 110-m April, July, and September 2010. 
Month Species Size 
Class 
Prey Species 











































 Small NA NA NA NA NA NA NA NA NA NA 
Rainbow 
Smelt 
Large 0 0.99 0 <0.01 0 0 0 0 0 0 

























































































































































Month Species Size 
Class 
Prey Species 














































































































Appendix Table 13: Stockton Island, WI planktivore diet proportions (dry weight) 18-m April, September-November 2011. 
Month Species Size Class Prey Species 
   Bythotrephes Calanoid Cyclopoid Herb.  Cladocerans Diporeia Mysis Dipterans Sphaerium Dreissena 
April Cisco Large 0 0.99 <0.01 0 0 0 0 0 0 
Small NA NA NA NA NA NA NA NA NA 
Rainbow 
Smelt 
Large NA NA NA NA NA NA NA NA NA 








































































































































































































Appendix Table 14:  Stockton Island. WI planktivore diet proportions (dry weight) collected 46-m April, September-November 2011. 
Month Species Size Class Prey Species 




































 Small NA NA NA NA NA NA NA NA NA 
Rainbow 
Smelt 
Large 0 <0.01 0 0 0.22 0.70 0.07 0 0 



























































































































































































Month Species Size 
Class 
Prey Species 
















































































































































































Appendix Table 16: Stockton Island, WI planktivore diet proportions (dry weight) collected 110-m April, September-November 2011. 
Month Species Size 
Class 
Prey Species  































 Small 0 0.60 0.03 0.06 <0.01 0.03 0.29    
Rainbow 
Smelt 
Large NA NA NA NA NA NA NA NA NA NA 


























































































































































































































Appendix Table 17: Stockton Island, WI benthivore diet proportions (dry weight) collected 110-m April, September-November 2011. 
 
 
Month Species Size 
Class 
Prey Species 


















































































































































Appendix Table 18: Comparison of 18-m Lake Michigan fish consumption and production of Bythotrephes in July 2010. 
 
 
                                                          
1
 Seasonal P-value was estimated from modal size changes of fish caught from April to September.   
2
 Population estimates selected the largest value to determine if in any scenario consumption was greater than production. 
3
 Temperature used for Bythotrephes production selected the mean epilimnetic temperature determined as optimal location for the species. 




















































July Frankfort Alewife Small 
5.92 
93.45 






















































































Sept. Frankfort Alewife Small 
0.76 
46.90 









































Appendix Table 20: Comparison of 46-m Lake Michigan fish consumption and production of Bythotrephes in July2010. 
 














































July Frankfort Alewife Large 
19.70 
139.88 




























Appendix Table 21: Comparison of 46-m Lake Michigan fish consumption and production of Bythotrephes in September2010. 
 














































Sept. Frankfort Alewife Small 
0.76 
46.90 
0.32 0.08 1.86 483.46 (A) 
 


















































Appendix Table 22: Comparison of 110-m Lake Michigan fish consumption and production of Bythotrephes in July 2010.















































July Frankfort Alewife Large 
19.70 
139.88 




































Appendix Table 23: Comparison of 110-m Lake Michigan fish consumption and production of Bythotrephes in September 2010. 















































Sept. Frankfort Alewife Small 
0.76 
46.90 










































Appendix Table 24: Comparison of 46-m Lake Superior fish consumption and production of Bythotrephes in 2011.
                                                          
4Population estimates combined bottom and midwater trawl with acoustic apportionment. 
5 Temperature used for Bythotrephes production selected the mean epilimnetic temperature determined as optimal location for the species as well as biomass correction factor from night zooplankton 
collections 













































































































0.14 <0.01 0.02 19.45 <0.001   
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Appendix Table 25: Comparison of 110-m Lake Superior fish consumption and production of Bythotrephes in 2011. 
 






































































































0.51 0.02 5.49 94.46 0.052 
